The action potential (AP) is a fundamental feature of excitable cells that serves as 23 the basis for long distance signaling in the nervous system. There is considerable 24 diversity in the appearance of APs and the underlying repolarization mechanisms in 25 different neuronal types (reviewed by Bean, 2007), including among pyramidal cell 26 subtypes. In the present work, we used specific pharmacological blockers to test for 27 contributions of Kv1, Kv2, or Kv4 channels to repolarization of single APs in two 28 genetically-defined subpopulations of pyramidal cells in layer 5 of mouse 29 somatosensory cortex (etv1 and glt), as well as pyramidal cells from layer 2/3. 30
Introduction 48
The action potential (AP) is a fundamental feature of neurons that serves as the 49 basis for long distance signaling in the nervous system. The number, frequency, 50 and timing of APs can serve as a neural code (Mainen and Sejnowski, 1995 (which is dynamic), the AP upstroke is primarily due to gating of voltage-gated Na + 64 channels, and repolarization of the AP is dominated by K + conductances andchannels (Murakoshi and Trimmer, 1999 with a contribution from Kv1.4 channels. 113 We previously found that in layer 2/3 pyramidal neurons from rats, Kv1 channels 114 did not affect AP width or repolarization (Guan et al. 2007a ) and we used a 115 dominant-negative approach to show that Kv2.1-containing channels did not play a 116 role in AP repolarization in rat neocortical pyramidal neurons (Guan et al. 2013) . 117 We also showed that AP repolarization in mouse layer 2/3, etv1, or glt cells is not 118 Based upon these findings, we hypothesized that Kv4 channels may be the primary 125 channels involved in repolarizing APs in neocortical pyramidal cells. We also asked 126 whether the underlying mechanisms are pyramidal cell subtype-dependent. to whole cell mode by withdrawing the pipet without additional suction. The final 214 patch capacitance was typically 3-4 pF and R series was 5-9 MΩ. Data were digitized 215 at 20 KHz and filtered at 10 kHz. Series resistance was not compensated for and 216 linear leak and capacitance were subtracted off-line. Tetrodotoxin (TTX: 0.5 μM) 217 was added to the extracellular solution to block voltage-gated Na + conductance. 218
Holding potential was -75 mV. The membrane was stepped to -100 mV for 1s and 219
then and blocker selectivity was tested using 500 ms voltage steps from -100 mV to 220 + 10 mV. 221
Statistics 222 channels in association with dipeptidyl-peptidase-like-proteins (DPP proteins: 255
Maffie et al. 2013). We also tested the commonly used putative A-type current 256 blockers, 4 mM 4-aminopyridine (4-AP) and 150 μM BaCl 2 . 257
Single APs were elicited with a 5 ms duration, just suprathreshold DC current 258 injection (adjusted so the AP comes at or near the termination of the current 259 injection). The bridge was balanced and electrode capacitance compensated using 260 the digital interface for the Multiclamp amplifier. These parameters were 261 monitored and adjusted throughout the experiment. We used DC current to keep 262 the RMP at -73 + 1 mV for all cell types (we readjusted DC current after application 263 of pharmacological agents to maintain this RMP). All recordings were performed in 264 the presence of synaptic blockers (see Methods) to ensure the effects were not due 265 to altering presynaptic fast synaptic transmission. We observed no effects of the 266 combined synaptic blockers alone on AP parameters in neocortical pyramidal cells 267 Table 2 ) and slowed the rate of AP repolarization (dV/dt 277 down: p < 0.007, Table 2 ). The average change in AP HW was 21 + 3 % (n = 10 278 cells). DTX also had a small but significant hyperpolarizing effect on voltage 279 threshold in layer 2/3 pyramidal cells ( Figure 1C , p < 0.04). AP amplitude and 280 dV/dt for the AP upstroke were not affected in layer 2/3 cells by DTX ( Table 2) . 281
In etv1 pyramidal cells, there was a similar significant increase in AP HW (25 + 6% 282 change, p < 0.004, n = 8) and width at threshold (p < 0.008), and a significantdecrease dV/dt for repolarization (p < 0.008, Figure 1D ,E, Table 2 ). There was also 284 a small but significant hyperpolarizing shift in voltage threshold for the AP in etv1 285 cells (p < 0.02, Table 2, Figure 1F ). AP amplitude was unchanged after DTX 286 ( Figure 1D) . In glt cells there was a significant negative shift in voltage threshold 287 for the AP in DTX (p < 0.03, Figure 1I ) but in contrast to etv1 and layer 2/3 cells, no 288 significant effects on AP HW, width at threshold, or dV/dt for repolarization were 289 observed in glt cells ( Figure 1G,H, Table 2) . 290
Role for Kv2 channels. GxTx was found to be a relatively selective blocker of all 291
Kv2 subtypes by Herrington et al. (2006) . They found that in pancreatic β-cells, 40-292 100 nM GxTx caused spike broadening and increased intracellular Ca 2+ levels. In 293 that preparation the IC 50 for Kv2 channels was 10-50x lower than for Kv4. Similarly, 294
Liu and Bean (2014) 11), to 42 + 7% in glt (n = 9) and 48 + 6% in layer 2/3 pyramidal cells (n = 9). 336
Width at threshold was significantly increased (p < 0.0001 for layer 2/3; p < 0.003 337 for etv1; p < 0.02 for glt) and dV/dt for repolarization was significantly decreased (p 338 < 0.0001 for layer 2/3 and glt; p < 0.001 for etv1) in all three subtypes. These effects 339 of 4-AP (broader APs and reduced dV/dt for repolarization) are consistent with a 340 role for Kv4 channels in AP repolarization in all cell types, although the effects oninput resistance and RMP suggests additional actions of 4-AP on channels other than 342
Kv4. There was also a significant decrease of dV/dt for the AP upstroke with 4-AP in 343 all cell types (p <0.001 for layer 2/3; p < 0.007 for etv1 and glt) suggesting possible 344 influence of a 4-AP-sensitive current on the rate of AP depolarization, non-specific 345 effects of 4-AP on Na + currents, or Na + current run-down under our recording 346
conditions. 347
We next tested the effects of BaCl 2 , another agent reported to block A-type current 348 Table 4 ). The percent change in AP 376 HW was 22 + 5% in layer 2/3 cells (n= 11), 10 + 3% in etv1 cells (n = 10), and 18 + 377 4% in glt cells (n = 10). There was a trend for decrease of dV/dt for the AP upstroke 378 with time in all cell types which was significant in glt cells (p <0.004), suggesting a 379 role for Kv4 channels in regulating the AP upstroke, possible non-specific effects on 380 Na + channels, or run down of Na + channels under our recording conditions. 381
The magnitude of the effects of 4-AP and BaCl 2 (as well as effects on RMP and input 382 resistance not seen with AmmTx3) lead us to directly test whether BaCl 2 or 4 mM 4-383 AP selectively blocked the A-type component of the current in neocortical pyramidal 384 cells or if these agents also have effects on the sustained current (Kv1-, Kv2-, Kv7-385 mediated). We compared the effects of the blockers on the early peak current 386 (dominated by A-type current in most cells) vs. current at the end of a 500 ms step 387 to +10 mV (operationally defined as "steady-state" current). We tested outside-out 388 patches from both etv1 and glt cells. The results were similar for both cell types so 389 the data were pooled for the purpose of testing blocker specificity. For 4 mM 4-AP, 390 the block of the peak current was 56 + 16% (n = 6 cells) and the steady state current 391 (at 500 ms) was blocked by 8 + 3% (n = 6)( Figure 6A,D) . BaCl 2 (150 μM) blocked 392 56 + 6% (n = 12) of the peak current and 48 + 9% (n = 12) of the steady state 393 current (Figure 6B,D) . AmmTx3 blocked 42 + 9% (n = 12) of the peak and 7 + 2% 394 (n = 12) of the steady-state current (Figure 6C,D) . and input resistance that likely reflect block of other K + channels besides Kv4. At 506 the doses we used, 4-AP (and especially BaCl 2 ) had larger effects on APs than 507
AmmTx3. This may be partly due to quantitatively larger block of the A current by 508 4-AP and BaCl 2 by these doses but is also likely due to additional effects of 4-AP and 509
BaCl 2 on other Kv channels (e.g., Kv1, Kv2) and non-Kv K + channels (e.g., BaCl 2 is 510 known to block inwardly rectifying GIRK and IRK channels: Coetzee et al. 1999). 511
Interestingly, blocking other potential Kv targets of 4-AP and BaCl 2 individually (e.g., 512
Kv1 and Kv2) with more specific blockers did not cause significant AP broadening or 513 slowing of repolarization. We interpret these data as follows: Kv4 channels provide 514 a primary AP repolarizing conductance for all neocortical pyramidal cells. When 515
Kv4 channels are blocked this results in a broader AP. With the doses we used, 4-AP 516 and BaCl 2 blocked more A-type current than AmmTx3 and thus had greater effectsespecially BaCl 2 may reflect that when APs are a broadened by Kv4 block, Kv1 and 519 Kv2 channels will then be able to contribute to repolarization of the broader APs. 
